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I ,  I n t r o d u c t i o n  

The pr imary g o a l  o f  t h i s  r e s e a r c h  p r o j e c t  has  been an  i n v e s t i -  

g a t i o n  of ways i n  which a modern d i g i t a l  computing f a c i l i t y  may be 

epplie.1 t n  the el?n_lyis PEL! synthesis  c? SL.4 netwcrks (networks 

c o n t a i n i n g  - D i s t r i b u t e d ,  - Lumped and - Act ive  e lements ) .  

zetworks is of cons ide rab le  impoitaiice i n  modern f i l t e r  ci ic i i i t  des ign .  

One o f  t h e  major r easons  f o r  t h i s  i s  because t h e  f a b r i c a t i o n  tech-  

n iques  used t o  realize i n t e g r a t e d  c i r c u i t s  r e a d i l y  produce d i s t r i b u t e d ,  

lumped, and a c t i v e  e lements ;  t hus ,  t h e  DLA class of networks i s  

d i r e c t l y  r e a l i z a b l e  i n  i n t e g r a t e d  form. A second major r eason  f o r  

t h e  importance of  t h i s  c lass  of networks is t h a t  DLA networks permi t  

t h e  ready  r e a l i z a t i o n  of  networks wi th  r e sonan t  c h a r a c t e r i s t i c s  of  

Th i s  class o f  

t h e  type  u s u a l l y  c h a r a c t e r i z e d  as bandpass and band-e l imina t ion ,  

w i thou t  r e q u i r i n g  t h e  use o f  inductors .  The r e s u l t i n g  i n d u c t o r l e s s  

r e a l i z a t i o n s  ore a t t r a c t i v e  s i n c e ,  i n  g e n e r a l ,  they  are smaller, 

lighter, and easier t o  s y n t h e s i z e  than t h e i r  pu re ly  lumped RLC counter -  

parts. A f i n a l  major reason  f o r  t h e  importance of t h e  DLA class of 

networks is t h a t  t h e  r e a l i z a t i o n  of many of t he  more commonly r equ i r ed  

network functions can  be made u s i n g  cons ide rab ly  fewer components 

than would be r equ i r ed  f o r  a pure ly  lumped r e a l i z a t i o n ,  or f o r  a 

lumped and active r e a l i z a t i o n .  

The advantages of DLA networks are not  r e a l i z e d  wi thout  

encoun te r ing  some disadvantages .  Th i s  class of network i s ,  i n  g e n e r a l ,  

n o t  amenable t o  a n a l y s i s  and s y n t h e s i s  by classical  t echn iques ,  s i n c e  

i t  c o n s i s t s  o f  e lements  modeled by p a r t i a l  d i f f e r e n t i a l  equa t ions  
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( d i s t r i b u t e d  elements)  as w e l l  as e l emen t s  modeled by o r d i n a r y  d i f f e r -  

e n t i a l  e q u a t i o n s  and by a l g e b r a i c  r e l a t i o n s  (lumped and a c t i v e  

e lements ) .  D i g i t a l  computational t echn iques ,  however, may be a p p l i e d  

t o  the a n a l y s i s  and s y n t h e s i s  of  t h i s  class of networks wi th  

c o n s i d e r a b l e  s u c c e s s ,  as w i l l  be r e p o r t e d  i n  the  fo l lowing  s e c t i o n s  

of t h i s  r e p o r t .  

11. The Ana lys i s  of DLA Networks 

I n  t h i s  s e c t i o n  of t h e  r e p o r t ,  t h e  development of a g e n e r a l  

a n a l y s i s  program DLANET (Distributed-Lumped-Active - - NETvork a n a l y s i s )  

for  de t e rmin ing  t h e  s i n u s o i d a l  s t e a d y - s t a t e  r e sponse  of a DLA 

network is d i scussed .  O f  t h e  t h r e e  types  of e lements  i n  a DLA 

network, i t  is t h e  d i s t r i b u t e d  element which, i n  g e n e r a l ,  compl i ca t e s  

t h e  a n a l y s i s  procedure.  Th i s  is  t h e  r e s u l t  of t h e  fact  t h a t  t h e  

p r o p e r t i e s  of e lements  descr ibed  by p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s ,  

i n  g e n e r a l ,  have no t  been as thoroughly exp lo red  as e lements  desc r ibed  

by o r d i n a r y  d i f f e r e n t i a l  equat ions .  One o f  t h e  e a r l y  e f f o r t s  made 

i n  t h i s  r e s e a r c h  c o n t r a c t  w a s  t h e r e f o r e ,  a l i t e r a t u r e  s e a r c h  t o  

compile a n  adequate b ib l iography of r e f e r e n c e s  having  t o  d o  w i t h  t h e  

properties of d i s t r i b u t e d  networks, and t h e  a p p l i c a t i o n s  t h a t  have 

been made of them t o  d a t e .  The r e s u l t s  of t h i s  l i t e r a t u r e  s e a r c h  

have been recorded  i n  a n  annota ted  b ib l iog raphy  which has  been 

submi t ted  as a s e p a r a t e  c o n t r a c t  r e p o r t .  1 

The f i r s t  matter of importance i a  ana1yzl.n.g a Q T d ,  network is 

t h e  a p p r o p r i a t e  r e p r e s e n t a t i o n  t o  be used for t h e  d i s t r i b u t e d  element .  
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Such a r e p r e s e n t a t i o n  must be  a compromise between computer program 

complexity and accu ra t eness  of r e p r e s e n t a t i o n  of t h e  d i s t r i b u t e d  

element.  

bu ted  elements with tapers fer which +,hero, i p  23 msthc~et ica . l  zloscd 

form s o l u t i o n ,  s i n c e  such s o l u t i o n s  ex is t  f o r  only a r e l a t i v e l y  few 

t y p e s  of tsper ( u n i f c m ,  expoccntial, l i n e a r ,  s t e . ) .  In the "ULAKET 

program, such g e n e r a l i t y  is achieved by d i v i d i n g  a d i s t r i b u t e d  

network i n t o  a number of s e c t i o n s  of e q u a l  l e n g t h .  

capac i t ance  a s s o c i a t e d  wi th  each s e c t i o n  is  de termined ,  and t h e  l i n e  

i s  approximated by a l a d d e r  network of "L" s e c t i o n s  c o n s i s t i n g  of 

series lumped r e s i s t o r s  \ and shun t  lumped c a p a c i t o r s  Ck whose sum 

i s  e q u a l  i n  v a l u e  r e s p e c t i v e l y  t o  t h e  t o t a l  r e s i s t a n c e  and t h e  t o t a l  

capac i t ance  a s s o c i a t e d  w i t h  t h e  d i s t r i b u t e d  l i n e .  P r o v i s i o n  i s  

inc luded  f o r  de te rmining  t h e  va lues  of t h e  e lements  s o  as t o  approxi- 

mate any of t h e  fo l lowing  t a p e r s :  

The r e p r e s e n t a t i o n  must be  g e n e r a l  enough t o  i n c l u d e  d i s t r i -  

The r e s i s t a n c e  and 

- No. Taper Type Desc r ip t ion  

1 Uniform R(x) and C(x) are c o n s t a n t  

2 

3 Polynomial R(x) - Ro (1 + plx + p2x + ... ), 

Exp onen ti a 1 R(X) = R~ eax, ~ ( x )  - c0 e'= 

2 

c(x) = co / ( l  + plx + p2x2 + . . .) 
4 Discontinuous The r e s i s t o r s  \ and t h e  c a p a c i t o r s  Ck may 

have any d e s i r e d  e x p l i c i t  v a l u e s  

S e v e r a l  o p t i o n s  are a v a i l a b l e  f o r  a d d i t i o n a l  g e n e r a l i t y ,  e .g . ,  t h e  

e x p o n e n t i a l  t a p e r  may be descr ibed  by s p e c i f y i n g  t h e  r e s i s t a n c e  R(0) 
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a t  t h e  beginning of t h e  l i n e  of l eng th  L and t h e  r e s i s t a n c e  R(L) at 

t h e  end of t h e  l i n e ,  as w e l l  as b e  s p e c i f y i n g  t h e  taper c o e f f i c i e n t  

- a. I n  a d d i t i o n ,  f o r  t h e  polynomial t a p e r  op t ion ,  t he  program auto- 

m a t i c a i i y  c a l c u l a t e s  t h e  r e s i s t a n c e  and capac i t ance  a s s o c i a t e d  wi th  

each inc remen ta l  s e c t i o n  of t h e  l i n e  when s u p p l i e d  wi th  t h e  c o e f f i -  

c i e n t s  pi, t h e  t o t a l  l eng th  of t h e  l i n e ,  t h e  number of s e c t i o n s  

d e s i r e d ,  and t h e  r e s i s t a n c e  and capac i t ance  p e r  u n i t  l eng th  a t  x = 0. 

Thus, a set of or thogonal  polynomials may be used t o  p rov ide  v a r i o u s  

degrees  of accuracy i n  t h e  r e p r e s e n t a t i o n  of a s p e c i f i c  t a p e r .  

I f  t h e  t ransmiss ion  matrix f o r  each s e c t i o n  of t h e  d i s t r i b u t e d  

l i n e  is obta ined ,  t h e  t ransmiss ion  mat r ix  f o r  t h e  e n t i r e  network may 

be  found by mul t ip ly ing  t h e  t ransmiss ion  matrices of t h e  i n d i v i d u a l  

s e c t i o n s .  The admit tance parameters  of the  network may then  be  

ob ta ined  from t h e  t r ansmiss ion  parameters .  I n  p r a c t i c e ,  20-50 s e c t i o n s  

may be  r equ i r ed ,  depending on the  frequency range and t h e  degree  of 

t a p e r .  

bu ted  l i n e  is  n o t  t h e  only model t h a t  can be used. 

several au tho r s  have considered a model based on t h e  use of a T 

Ac tua l ly ,  t h e  L model f o r  an incrementa l  s e c t i o n  of a d j s t r i -  

For example, 

s e c t i o n .  2'3 A r e p o r t  has  been prepared  t a b u l a t i n g  t h e  r e s u l t s  of a 

d i g i t a l  computer comparison of t h e  L s e c t i o n  and t h e  T s e c t i o n  l i n e  

for  v a r i o u s  ranges of f requencies  and f o r  va r ious  degrees  of t a p e r  and 

v e r i f y i n g  t h e  v a l i d i t y  of t h i s  approach t o  t h e  modeling of d i s t r i b u t e d  

e lements .  The program DLANET c o n t a i n s  p r o v i s i o n s  f o r  i n c o r p o r a t i n g  

any d e s i r e d  number of d i s t r i b u t e d  elements .  I f  t h e s e  are i d e n t i c a l ,  

the computation of t h e  admit tance parameters  is  made only once. 

4 

I f  
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t he  d i s t r i b u t e d  elements  are d i f f e r e n t ,  s e p a r a t e  computations are 

made t o  determine t h e i r  admit tance parameters .  

Once the  admit tance parameters  of t h e  d i s t r i b u t e d  elements  

_-_ -I-+-;--a el---- --- -.---I 
u u L a i u C u ,  u l ~ a c  Q L C  w c u  a l ~ i ~ g  w i t i i  iiie values oi Kiie lumped 

elements  t o  c o n s t r u c t  t h e  i n d e f i n i t e  admit tance mat r ix  of t h e  p a s s i v e  

p o r t i o n  of the W + i node network. A c o n s t r a i n t  method is  now used 

t o  modify t h e  admi t tance  matrix t o  t ake  account  of t h e  e f f e c t s  of  

any active  element^.^ 
and are assumed t o  be  of the  VCVS type .  F i n a l l y ,  us ing  s t anda rd  

techniques  ,6 t h e  admi t tance  mat r ix  f o r  t h e  two-port active network is 

computed. 

t hen  e a s i l y  obta ined .  The computat ional  p rocess  is completed f o r  

each frequency a t  which the  t r a n s f e r  v o l t a g e  c h a r a c t e r i s t i c s  are 

r equ i r ed .  

t o  provide  magnitude and phase p l o t s  of t h e  ou tpu t  q u a n t i t i e s .  

These may be l o c a t e d  anywhere i n  the  network, 

The magnitude and phase of t h e  t r a n s f e r  v o l t a g e  r a t i o  is 

A p l o t t i n g  c a p a b i l i t y  is  inc luded  as p a r t  of t h e  program 

The a n a l y s i s  program descr ibed  above is c u r r e n t l y  o p e r a t i o n a l  

on the  CDC 6400 computer a t  the Un ive r s i ty  of Arizona. It  i s  a 

cons iderably  modi f ied  and improved v e r s i o n  of t h e  program o r i g i n a l l y  

desc r ibed  in t h e  Semi-Annual Progress  r e p o r t  f o r  t h i s  r e sea rch  g r a n t  

cover ing  t h e  p e r i o d  September 1, 1967 - February 29, 1968. The major 

improvement is t h e  c a p a b i l i t y  for l o c a t i n g  t h e  a c t i v e  element 

anywhere i n  t h e  network, and the c a p a b i l i t y  f o r  i nc lud ing  as many 

a c t i v e  elements  as d e s i r e d .  The o r i g i n a l  program permi t ted  only a 

s i n g l e  a c t i v e  e lement ,  and r equ i r ed  t h a t  i t  be  l o c a t e d  a t  a c e r t a i n  

s p e c i f i e d  p o i n t  i n  t h e  network. A paper  d e s c r i b i n g  t h e  b a s i c  
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p r o p e r t i e s  of t h e  program has been publ i shed .  

t h e  program is c u r r e n t l y  under p r e p a r a t i o n .  

A r e p o r t  d e s c r i b i n g  
8 

111. The Syn thes i s  of DLA Networks 

One of t h e  most promising approaches t o  t h e  s y n t h e s i s  of DLA 

networks appears  t o  be  t h e  use  of op t imiza t ion  techniques .  The 

exper ience  of r e sea rch  workers i n  t h i s  f i e l d  has  i n d i c a t e d  t h a t  i n  

o r d e r  t o  s u c c e s s f u l l y  apply op t imiza t ion  techniques  t o  a wide range 

of  problems, i t  is d e s i r a b l e  t o  have a v a i l a b l e  a v a r i e d  c o l l e c t i o n  of 

o p t i m i z a t i o n  s t r a t e g i e s .  To be f u l l y  u s e f u l ,  t h e  i n d i v i d u a l  s t ra te-  

g i e s  of such a c o l l e c t i o n  must be s o  designed t h a t  any one of them 

can be  app l i ed  t o  the  same problem, wi thou t  r e q u i r i n g  t h a t  t h e  

problem be  modif ied.  Thus, the i n d i v i d u a l  op t imiza t ion  s t r a t e g i e s  

can b e  considered as forming the elements  of an o p t i m i z a t i o n  so f tware  

package, i n  which v a r i o u s  l o g i c a l  d e c i s i o n s  can b e  inco rpora t ed  as 

a n  "execut ive  monitor" t o  s u c c e s s f u l l y  apply t h e  d i f f e r e n t  s t r a t e g i e s  

i n  such a way as t o  o b t a i n  t h e  b e s t  f i n a l  r e s u l t s .  A s  t h e  i n i t i a l  

s t e p  i n  s e t t i n g  up a s y n t h e s i s  c a p a b i l i t y  f o r  DLA networks,  t h e  

fo rmula t ion  of a g e n e r a l  problem s t r u c t u r e ,  and t h e  development and 

t e s t i n g  of a series of op t imiza t ion  s t r a t e g i e s  has  been undertaken.  

The I n d i v i d u a l  s t r a t e g i e s  are a l l  a p p l i c a b l e  in te rchangeably  t o  any 

problem which can be p u t  i n t o  the  s p e c i f i e d  s t r u c t u r e .  The r e s u l t  of 

t h i s  r e s e a r c h  e f f o r t  has  been t h e  development of t h e  computer programs 

contained i n  GOSPEL (General 9 t i m i z a t i o n  Software Package for ELec- - - - - 
t r ica l  network s y n t h e s i s ) .  The g e n e r a l  problem s t r u c t u r e  on which 
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t h i s  op t imiza t ion  so f tware  package i s  based i s  r e a d i l y  capable  of 

several types  of a p p l i c a t i o n  t o  t h e  s y n t h e s i s  of t h e  DLA network. 

GOSPEL con ta ins  s e p a r a t e  subprograms which implement t h e  fo l lowing  

optimiLation strategies: random g r i d  s e a r c h ,  random d i r e c t i o n  and 

s t e p  s i z e  s e a r c h ,  p a t t e r n  s e a r c h ,  s t e e p e s t  descen t ,  Kewton-Raphson, 

Fletcher-Powell .  All of t h e s e  subprograms have been implemented i n  

a form which permi ts  them t o  be a p p l i e d  in te rchangeably  t o  t h e  

op t imiza t ion  of a given network. This  f e a t u r e  i s  most d e s i r a b l e ,  

s i n c e  s t r a t e g i e s  which may s u c c e s s f u l l y  opt imize  a problem of one 

type  may prove t o  be  i n e f f e c t i v e  a g a i n s t  problems of a d i f f e r e n t  

type.  Thus, i t  i s  of cons ide rab le  advantage t o  have a v a i l a b l e  a wide 

v a r i e t y  of op t imiza t ion  s t r a t e g i e s ,  and GOSPEL p rov ides  such a capa- 

b i l i t y .  

t i n g  i n  d e t a i l  t h e  a p p l i c a t i o n  of t h e  s e p a r a t e  op t imiza t ion  s t r a t e g i e s  

o f  which i t  i s  comprised t o  a series of test p r o b l e ~ u s . ~  

d i s c u s s i o n s  of t h e  component subprograms inc lud ing  flow c h a r t s  and 

l i s t i n g s  are inc luded  i n  t h e  r e p o r t .  The v a r i o u s  components of 

GOSPEL have been t e s t e d  on the  CDC 6400 computer a t  t h e  Un ive r s i ty  

of Arizona,  and are f u l l y  o p e r a t i o n a l  a t  t h i s  t i m e .  

A r e p o r t  has  been prepared  d e s c r i b i n g  GOSPEL and i l l u s t r a -  

De ta i l ed  

IV. Conclusion 

As a r e s u l t  of t h e  r e sea rch  suppor ted  by t h i s  g r a n t ,  s e p a r a t e  

a n a l y s i s  and s y n t h e s i s  tools a p p l i c a b l e  t o  t h e  DLA network have been 

prepared .  The a n a l y s i s  of t h e  DLA network is  covered by t h e  program 

DLANET, and t h e  s y n t h e s i s  c a p a b i l i t y  is a v a i l a b l e  through t h e  GOSPEL 
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so f tware  package. A r e s e a r c h  e f f o r t  i s  c u r r e n t l y  underway t o  

combine t h e  a n a l y s i s  techniques  f o r  t h e  DLA network wi th  t h e  optimi- 

z a t i o n  c a p a b i l i t y .  P re l imina ry  v e r s i o n s  of t h e  programming necessa ry  

t o  accompiish this have run  s u c c e s s f u l l y ,  and a g e n e r a l  program 

s u i t a b l e  f o r  t h e  s y n t h e s i s  of DLA networks i s  c u r r e n t l y  under develop- 

ment. The d e t a i l s  of t h i s  program will be  covered i n  f u t u r e  c o n t r a c t  

r e p o r t s .  

Pub l i shed  Papers  and Reports 

A l i s t  of  t h e  papers  and r e p o r t s  which have been prepared  under t h i s  
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" D i g i t a l  Computer Analys is  of Distributed-Lumped-Active Networks", 

paper  by L. P .  Huelsman and W.  J. Kerwin, pub l i shed  i n  IEEE 

J o u r n a l  of S o l i d - s t a t e  C i r c u i t s ,  vol .  SC-3, No. 1, Mar. 1968. 

"An Algorithm f o r  t h e  Lowpass t o  Bandpass Transformation",  correspon- 

dence by L. P. Huelsman, pub l i shed  i n  t h e  I E E E  Transac t ions  

on Educat ion ,  vol. €511, No. 1, Mar. 1968. 

" D i g i t a l  Computer Modeling of  D i s t r i b u t e d  RC Networks", by L. P .  

Huelsman and S. P. Johnson, r e p o r t  p repared  under NASA Grant 

NGL-03-002-136, Sep t .  1968. 

"An Annotated Bib l iography for D i s t r i b u t e d  RC h'etworks", by S .  P. 

Johnson and L. P. Huelsman, r e p o r t  p repared  under NASA Grant 

NGL-03-002-136, Sept .  1968 

"DLANET - A D i g i t a l  Computer Program f o r  t h e  Analys is  of Dis tx ibuted-  
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